Influence of annealing temperature and thickness on the optical characteristics of the blend of poly (3-hexylthiophene) (P3HT) and Phenyl C61 butyric acid methylester (PCBM) layer has been investigated in this report. Photoactive polymer material (P3HT:PCBM) was deposited on indium tin oxide (ITO) substrate by spin-coating. The morphology of P3HT:PCBM composite layer was investigated by Atomic Force Microscope (AFM). The surface roughness was found to reduce after heat treatment. The absorption of the composite layer was found to increase with its number of layer (thickness). On the other hand, the photoluminescence (PL) quenching, which indicates efficient charge separation in the bulk heterojunction, was found higher for the thinner layer. Absorption was also found to increase with the annealing temperature. Therefore, to optimize the thickness of the P3HT:PCBM photoactive layer that will provide best absorption while providing efficient charge separation, annealing at optimized temperature might be an effective tool.
Introduction
Recently superb performance has been demonstrated from the bulk heterojunction photovoltaic devices using P3HT as donor and PCBM as acceptor [1] [2] [3] . P3HT and PCBM have several advantages such as low-cost fabrication, large-area devices, lightweight cells with flexibility, and material diversity [4, 5] . In a blend, the performance of P3HT and PCBM as a thin-film heterojunction depends on various parameters, such as film growth methods [6] , processing conditions [7] , morphology of the deposited thin-film [8] , heat treatment [9] etc. It has useful optoelectronic properties such as, a good chemical stability, high mobility, and low optical band gap [10, 11] . Especially, with higher hole-mobility of 0.1 cm 2 /V.s, P3HT offers the possibility of realizing high-efficiency BHJ PV cells [12, 13] . P3HT:PCBM-based device performance is highly influenced by the molecular weight of P3HT, the dissolving solvent, and thermal annealing [14] [15] [16] , and researchers have focused on the optical/morphological properties of P3HT:PCBM films. Based on the above background in this report, the change in optical properties of the blend of P3HT:PCBM with film layer thickness and annealing has been studied. We found that the annealing temperature might be an effective tool for optimizing the thickness of the P3HT:PCBM layer that might provide best absorption and efficient charge separation.
Experimental
Readymade blend of P3HT and PCBM at 1:1 ratio was bought from Sigma-Aldrich, Germany, and was used without further purification. ITO thin films were deposited on a glass substrate at room temperature by electron beam evaporation technique. The commercially available ITO powder (99.99% pure) obtained from Inframat Advanced Materials, USA, and was used as the evaporation source material. The ITO films were annealed at 600˚C in air to obtain a transparency of 90%. The blend of P3HT:PCBM was warmed at 45˚C for 20 minutes to MD. S. ISLAM ET AL. 29 make it homogenous prior to spin coating. This blend was then deposited by spin coating on ITO at speed of 200 rpm in air. After deposition whole structure was annealed in air at 130˚C for 2 minutes.
Results and Discussion
The surface morphology of as-deposited and annealed P3HT:PCBM composite layer was studied by AFM. The rough surface represents the self-organization of P3HT that also indicate ordered structure formation in the thin film [17] . But it can also lead to poor contact with the electrode. The roughness of our as-deposited layer (0.5 nm) reduced significantly (0.04 nm) after annealing as evident from Figure 1 .
The absorption characteristics of P3HT:PCBM composite film was investigated in the wavelength 300 -700 nm. The P3HT:PCBM film showed a significant change in absorption when the layer thickness was increased. From Figure 2 we observe that absorption increased with the increasing layer thickness. For the as spun films all the films with various thicknesses showed a main peak around 510 nm. But when the layer thickness was increased to 3-layers (~150 nm) a shoulder peak appeared around 445 nm. This peak is believed to originate from the highly crystalline P3HT domains with improved stacking [17, 18] . PCBM. It is interesting to note that the absorbance of the film increased and red-shifted gradually with the thermal annealing process and the largest increase was found for the annealing at the high temperature of 140˚C. The annealing enhances the crystallinity of P3HT caused by the diffusion of PCBM molecules into aggregates causing the P3HT molecules to be crystallized in the free region of PCBM that leads to more π-π * absorption. As a result highest crystallinity and maximum absorption were observed at an annealing temperature of 140˚C. Generally the absorption peak band signifies the π-π * transition of the P3HT backbone [19] . This increased absorption after annealing is believed to be due to chain ordering of P3HT domains induced by heat treatment, the development of bigger aggregates or, more condensed moieties which are composed of multiple inter-chain species of P3HT, packing of the P3HT domains, and reduced torsion of the P3HT.
Photoluminescence (PL) spectra of P3HT:PCBM for various layer-thickness is shown in Figure 4 , from which we observed that there is photoluminescence quenching depends on the thickness. PL quenching increased with thinner layer that indicates existence of well-mixed states of electron donors (P3HT) and acceptors (PCBM) that in turn facilitates rapid transfer charges [20] . When, layer thickness of P3HT:PCBM reaches 3-layers photons are more absorbed by P3HT:PCBM and less photons is converted into charge carrier collection because layer thickness became much longer than the exciton diffusion length. As the film thickness reaches 3-layers, essentially incident light between 350 and 610 nm is absorbed in one optical path. This spectral response indicates that photons that are more strongly absorbed by P3HT are less likely to be converted into collected charge carriers, as observed in planar heterojunction devices with a layer thickness much greater than exciton diffusion length [21] . Photons with wavelength in the weakly absorbing region can penetrate deeper into the active layer where more abundant P3HT:PCBM interfaces are available for efficient exciton dissociation. The absorbance of light by a sample depends on the concentration of absorbers, the path length of the light through the sample, and the extinction coefficient. Figure 5 shows the plot of extinction coefficient versus annealing temperature. The extinction coefficient has been calculated assuming a typical absorption length (Optical Path length) of conjugated polymers (α −1 = 100 nm) and concentration of 2.2% of P3HT:PCBM blend [22] . The value of extinction coefficient was found to increase with annealing temperature in the range between 400 -500 nm. A high value of extinction coefficient means in the absorption band is caused by crystallization of the polymer material leading to more π-π * absorption. It appears from the above discussion that annealing could be an efficient method for controlling the optical properties of the film that in tern could be used to optimize layer thickness.
Conclusion
Spin-coated organic photoactive polymer material (P3HT: PCBM blend) has been investigated for the optimization of active layer thickness foreseeing its application in organic photovoltaics. The surface roughness obtained from the AFM of P3HT:PCBM layer indicated a very smooth coating of the photoactive layer on ITO. The influence of P3HT:PCBM layer thickness and annealing temperature on the absorption characteristic has been investigated. It was observed that the absorption increased with the increase in layer thickness and annealing temperature. Similar results were report by Moule [23] and Kim [24] . But the photoluminescence (PL) quenching was higher than the thinner layer, which is essential for a bulk heterojunction. As a compromise, annealing temperature can be used to optimize the absorption and charge separation of P3HT:PCBM heterojunction to be used in organic photovoltaics. Therefore spin-coated single layer of P3HT:PCBM layer annealed at 140˚C might provide the required absorption and efficient charge separation for the organic polymer blend to be used as a bulk heterojunction.
